Abstract-In this paper, we investigate the maximum throughput of a saturated rechargeable secondary user (SU) sharing the spectrum with a primary user (PU). The SU harvests energy packets (tokens) from the environment with a certain harvesting rate. All transmitters are assumed to have data buffers. In addition to its own traffic buffer, the SU has a buffer for storing the admitted primary packets for relaying; and a buffer for storing the energy tokens harvested from the environment. We propose a new cooperative cognitive relaying protocol that allows the SU to relay a fraction of the undelivered primary packets. We consider an interference channel model (or a multi-packet reception (MPR) channel model), where concurrent transmissions can survive with certain probability characterized by the complement of channel outages. The proposed protocol exploits the primary queue burstiness and receivers' MPR capability. In addition, it efficiently expends the secondary energy tokens. Our numerical results show the benefits of cooperation, receivers' MPR capability, and secondary energy queue arrival rate on the system performance from a network layer standpoint.
I. INTRODUCTION

D
ata transmission by an energy harvester with a rechargeable battery has got a lot of attention recently [1] - [3] . The authors of [1] considered a cognitive scenario where two different priority users share a common channel. The higher priority (primary) user has a rechargeable battery, whereas the lower priority (secondary) user is plugged to a reliable power supply and therefore has energy each time slot without limitations. In [2] , the authors investigated a cognitive setting with one primary user (PU) and one rechargeable secondary user (SU). The SU randomly accesses and senses the primary channel and can possibly leverage primary feedback. Receivers are capable of decoding under interference as they have multipacket reception (MPR) capabilities. The authors investigated the maximum secondary throughput under stability and delay constraints on the primary queue. In [3] , El Shafie et al. investigated the maximum stable throughput of an energy harvesting SU under stability of an energy harvesting primary transmitter. The SU selects a sensing duration in each time slot from a predefined sensing durations set such that its stable throughput is maximized under the stability of the primary queue.
Cooperative cognitive relaying has got extensive attention recently [4] - [7] . In [4] , Sadek et al. proposed cognitive protocols for a multiple access system with a single relay that aids the transmitting nodes. The proposed cooperative protocols enable the relaying node to help a set of buffered-transmitters operating in a time-division multiple access network when their queues are empty due to source burstiness. The authors of [5] investigate a network composed of one primary transmitterreceiver pair and one secondary transmitter-receiver pair. The cognitive radio transmitter aims at maximizing its throughput via optimizing its transmit power such that the primary and the relaying queues are kept stable.
Integrating cooperative communications and energy harvesting technologies has been considered in several works such as [6] and [7] . In [6] , the authors investigate the effects of network layer cooperation in a wireless three-node network with energy harvesting nodes and bursty data traffic. The authors derive the maximum stable throughput of the source as well as the required transmitted power for both a non-cooperative and an orthogonal decode-and-forward cooperative schemes. In [7] , the authors study the impact of the energy queue on the maximum stable throughput of a cooperative energy harvesting SU that utilizes the spectrum whenever the PU's queue is empty. The authors assume an energy packet consumption in either data decoding or data transmission. Inner and outer bounds are derived for the secondary throughput.
In this work, we investigate the maximum throughput for an energy harvesting SU in presence of a PU. In contrast to [7] and [6] , we consider a generalized MPR channel model and propose a new cooperative protocol that exploits the MPR capability of the receivers. In the proposed cooperative cognitive relaying protocol, the SU cooperatively relays a fraction of the undelivered primary packets. The flow of the primary packets through the SU's relaying queue is controlled using some tunable parameters that depend on the channels' quality and queues states. The proposed protocol allows the SU to transmit simultaneously with the PU at a fraction of the time slots to exploit the MPR capability of the receiving nodes. The proposed protocol is simple and doesn't require continuous estimation of the channel state information (CSI) at the transmitting terminals.
II. SYSTEM MODEL We consider a simple configuration comprised of one rechargeable secondary transmitter 's', one secondary destination 'd s ', one primary transmitter 'p' and one primary destination 'd p '. The primary transmitter-receiver pair operates over slotted channels. Time is slotted and a slot has a duration of T seconds. Each transmitter has an infinite-length data buffer (queue) to store its own incoming fixed-length data packets, denoted by Q , ∈ {p, s}. In addition to its own traffic queue, the cognitive user has an infinite capacity buffer to store the energy packets harvested from the environment; and an infinite capacity relaying queue to store the accepted primary packets for relaying. Let Q r denote the secondary relaying queue and Q e denote the secondary energy queue with mean arrival rates 0 ≤ λ r ≤ 1 packets/slot and 0 ≤ λ e ≤ 1 energy packets/slot, respectively. The secondary data queue is assumed to be saturated (always backlogged). Arrivals at queues Q p and Q e are assumed to be Bernoulli random variables [8] . The arrivals at each queue are assumed to be independent and identically distributed (i.i.d.). Arrivals are also independent from queue to queue. The mean arrival rate to the primary queue, Q p , is λ p ∈ [0, 1] packets/slot. All data packets are of size B bits. We assume that one energy packet is needed for the transmission of one data packet. The energy queue has energy packets each of e energy units. 1 All wireless links exhibit a stationary non-selective Rayleigh block fading. The instantaneous channel fading coefficient of link j → k (link connecting nodes j and k) remains constant during a time slot T ∈ {1, 2, 3, . . . }, but changes independently and identically from one slot to another according to a circularly symmetric complex Gaussian distribution with zero mean and variance σ jk . Received signals at node k are corrupted by complex additive white Gaussian noise (AWGN) with zero mean and variance N k Watts.
Let ζ jk denote the fading gain of link j → k. We do not assume the availability of CSI at the transmitters. Since the PU transmits from the beginning of the time slot over the whole slot duration if its queue is nonempty, the spectral efficiency of the PU is R p = B/(T W ) bits/sec/Hz, where W is the channel bandwidth. The cognitive radio user may transmit either at the beginning of the time slot or after τ seconds from the beginning of the time slot. Hence, the secondary transmission time is T = B/((T − τ )W ) bits/sec/Hz for i = 0 and i = 1, respectively. Note that the decision duration, τ , should be long enough to justify the perfect detection of the primary state assumption. 2 The PU transmits data with a fixed power P p Watts, whereas the SU transmits with power P (i) s = e/T i Watts, i ∈ {0, 1}. The secondary transmit power is a function of the time instant in which the SU starts data transmission within the time slot. Outage of a link occurs when the instantaneous capacity of that link is lower than the transmitted spectral efficiency rate [2] , [4] - [6] .
Assume that node j transmits a packet to node k and at the same time node v transmits to its respective receiver. Due to the broadcast nature of the wireless communication channel, the signal transmitted by node v arrives at node k and causes interference with the signal transmitted by node j. Let us assume that node j starts transmission at t = iτ , whereas node v starts transmission at t = nτ , where i, n ∈ {0, 1}. Under this setting, the probability that a transmitted packet by node j being successfully received at node k is P
(see Appendix A for the exact expression). If transmitter j sends its packet alone (without interference) to node k, and starts transmission at t = iτ , the probability of that packet being successfully decoded at k is P jk,i . The physical layer is explained with details in Appendix A.
A fundamental performance measure of a communication network is the stability of its queues. Denote by Q (T) the length of queue Q at the beginning of time slot T. Queue Q with mean arrival rate λ and mean service rate μ is said to be stable if lim κ→∞ lim T→∞ Pr{Q (T) < κ} = 1 [4] , where Pr{A} denotes the probability of the event A. For strictly stationary arrival and service processes, queue Q is stable if μ ≥ λ. Otherwise, the queue is unstable. In a multi-queue system, the system is stable when all queues are stable.
III. PROPOSED COOPERATIVE COGNITIVE RELAYING
PROTOCOL
In this section, we describe in details the proposed cooperative cognitive relaying protocol, denoted by S. At the beginning of the time slot, if the secondary energy queue is nonempty, the SU may decide to receive the primary packet with probability f or decide to access the channel using one of its queues with probability f . 3 Accessing the channel at the beginning of the time slot is motivated by the following facts:
• First, it may be the case that using the whole time slot in data transmission provides higher throughput than wasting τ seconds in channel sensing, specially at low primary arrival rate as the PU will be inactive during most of the time slots. Moreover, the probability of being in outage for a link decreases with the total time used in data transmission over that link. This fact is discussed and the closed-form expression for the outage probability is proved in Appendix A.
• Second, the presence of MPR capability at the receiving nodes allows packets decoding under interference with non-zero probability, which can be exploited by the SU to boost its throughput.
• Third, as will be explained in details later, due to the fixed energy transmission property of the energy harvesting SU, secondary delays of channel access may increase the interference at the primary destination due to the increase of the secondary transmit power, which in turn reduces the probability of successful decoding of the primary packets at the primary destination. Based on the above observations, channel accessing at the beginning of the time slot may be useful for certain scenarios and under specific system and channel parameters. On the contrary, if the SU decides to receive the primary packet in a time slot, it will take another action/decision after τ seconds from the beginning of the time slot. The decision duration τ is designed such that the information signal sent from the PU to the SU about the primary queue current state, empty or nonempty, is received correctly with probability one at the SU. This is important for designing an efficient access protocol on the basis of the actual state of the time slot, i.e., busy/free.
We summarize the medium access control (MAC) as follows:
• The PU transmits the packet at the head of its queue.
• During the time interval [0, τ], the PU sends its queue state (empty or nonempty) to the SU over the dedicated bandwidth for information exchange.
• If the SU has energy packets and decides to access the channel at the beginning of the time slot, it ignores the information sent from the PU and resumes its transmission till the end of the time slot. This happens with probability 1 − f .
• If at the beginning of the time slot the SU decides to receive the primary packet, which happens with probability f , it adjusts its receiving end to the receiving mode and starts to collect data from the primary transmission.
• Based on the received state signal from the PU, the SU perfectly discerns the state of the PU.
• If the PU's queue is nonempty and the secondary energy queue is nonempty, the SU decides whether to resume primary packet reception, which occurs with probability ω; or to access the channel concurrently with the PU using one of its data queues, which occurs with probability ω.
In the latter case, accessing the channel simultaneously with the PU is motivated by the presence of the MPR capability at receivers.
• If the PU's queue is empty and the secondary energy queue is nonempty, the SU accesses the channel with probability 1 using one of its data queues.
• If at the beginning of the time slot the SU has no energy packets in its energy queue, it decides whether to receive the primary packet, which occurs with probability α, or not. 4 Note that since there is no energy in the secondary energy queue, there is no need to take another decision at t = τ seconds. This is because the SU is incapable of establishing any data transmission due to the lack of energy. In such cases, the probability of receiving the primary packet is α, whereas the probability of remaining silent till the end of the current time slot is α.
• At the far end of the time slot, the SU decides, on the basis of its ability to decode the primary packet and the status of primary packet decoding at the primary destination, whether to accept or reject the admission of the primary packet to the relaying queue. The acceptance probability of a primary packet is β, whereas the rejection probability is β = 1−β.
If the relaying queue is nonempty, the SU selects one of its packets for transmission with probability Γ = 1 − Γ; or selects one of the relaying packets with probability Γ. If the relaying queue is empty, the SU accesses the channel using its own packets with probability 1. The selection probability Γ represents the relative importance of the primary relaying packets and is used for controlling the throughput of the relaying queue. Choosing Γ = 1 gives full priority to the relaying packets over the secondary packets, while Γ = 0 favors the secondary packets (i.e., no selection for the relaying packets). By varying Γ between 0 and 1, we can maximize the secondary throughput under stability of the other queues.
We would like to emphasize here the importance of having different parameters associated with the different state of the queues in the system. Having such parameters enhance the system performance and help in achieving the optimal performance of the network under investigation.
It should be noted that the probability of outage of a certain link depends on the time available for data transmission. Hence, the probability of outage when the SU transmits at the beginning of the time slot is less than the probability of outage when it starts data transmission at t = τ . Although using lower transmission time raises the secondary transmitted power, e/(T −τ ), the channel outage raises as well [2] , [3] (see Appendix A for proof). We should note that the interference caused by the SU on the PU's transmission increases with the delay in secondary data transmission. This happens because the secondary transmit power raises as mentioned earlier. The reader is referred to Appendix A for more details.
At the far end of each time slot, a feedback acknowledgement/negative-acknowledgement (ACK/NACK) signal is sent from the receiver to inform the respective transmitter about the decodability status of its packet. The feedback message is overheard by all nodes in the network due to the wireless channel broadcast nature. Decoding errors of the feedback messages at the transmitters are negligible, which is reasonable for short length packets as low rate and strong codes can be employed in the feedback channel [4] , [8] . If a packet is received correctly at its destination, it is then removed from the system. For the primary packets, if the primary destination can decode the transmitted packet, it sends back an ACK and the packet leaves the system. If the SU can decode the packet and the packet is admitted (accepted) for relaying while the primary destination cannot, the SU sends back an ACK and the PU drops that packet. If the SU cannot decode the primary packet; or if it can correctly decode the packet but decides to reject it and the primary destination fails in decoding the packet, the PU retransmits that packet at the following time slot. We note that the feedback signals sent by the SU and the primary destination are separated either in time or frequency.
A. Queues Service and Arrival Processes
Let us first consider the packets of the primary queue, Q p . A packet departs the primary queue in either one of the following events. If the link p → d p is not in outage; or if the link p → d p is in outage, the link p → s is not in outage, and the SU decides to admit the packet to the relaying queue. A successfully received packet by either the primary destination or the SU will be dropped from the primary queue. The mean service rate of the primary queue is then given by μp = P pdp,0 Pr{Qe = 0}+f Pr{Qe = 0}ω +Pr{Qe = 0}(δ pdp,00 f + δ pdp,01 f ω) +P pdp,0 Pps,0 αPr{Qe = 0} + f Pr{Qe = 0}ω β (1) where δ pdp,00 and δ pdp,01 denote the reduction in P pdp,0 due to concurrent transmission when the SU accesses the channel at t = 0 and t = τ , respectively. The definition and derivation of P jk,i and δ jk,in are provided in Appendix A. It should be pointed out here that without cooperation the maximum mean service rate for the primary queue is P pdp,0 , whereas with cooperation the maximum achievable primary mean service rate is P pdp,0 + P pdp,0 P ps,0 , which is attained when the SU sets β = α = f = ω = 1. Thus, the maximum achievable throughput of the PU is increased by P pdp,0 P ps,0 packets per time slot.
A packet from Q s is served if the secondary energy queue is nonempty, the SU decides to access the channel using Q s , and the link s → d s is not in outage. The mean service rate of Q s is given by μs = P sds,0 f Pr{Qp = 0, Qe = 0}δ sds,00 +Pr{Qp = 0, Qe = 0} +δ sds f ωPr{Qp = 0, Qe = 0}δ sds,10 +Pr{Qp = 0, Qe = 0} × ΓPr{Qr = 0} + Pr{Qr = 0} (2) whereδ jk = P jk,1 P jk,0 is defined in Appendix A. Similarly, the mean service rate of Q r is given by μr = P sdp,0 Γ f Pr{Qp = 0,Qe = 0}δ sdp,00 +Pr{Qp = 0,Qe = 0} +δ sdp f ωPr{Qp = 0, Qe = 0}δ sdp,10 +Pr{Qp = 0, Qe = 0}
The mean arrival rate of the relaying queue is obtained directly from (1). That is, λr = P pdp,0 Pps,0(αPr{Qe = 0} + f Pr{Qe = 0}ω)βPr{Qp = 0} (4) where Pr{Q p = 0} in (4) means that the arrival of a primary packet at Q r occurs when the primary queue is nonempty. An energy packet is consumed from the secondary energy queue in a time slot if the SU decides to transmit a data packet from one of its data queues. The mean service rate of Q e is then given by
In (5), f means that the SU accesses the channel at t = 0; Pr{Q p = 0}f ω means that the SU decides to access the channel at t = τ seconds, which occurs with probability ω when {Q p = 0}; and f Pr{Q p = 0} means that the SU decides to access the channel at t = τ seconds with probability one when {Q p = 0}.
B. Approximated Systems
The service processes of the primary data queue and the secondary energy queue are coupled, i.e., interacting queues. This means that the departure of a packet at any of them depends on the state of the other. Hence, we cannot analyze the system performance or compute the service process of each queue directly. For this reason, we study two approximated systems that provide inner and outer bounds on the original system.
In the first approximated system, we assume an energy packet consumption each time slot, which implies that μ e = 1 energy packets per time slot. Under such assumption, the probability of the energy queue being empty is increased relative to the original system. 5 Consequently, the secondary packets get service less frequently. Furthermore, the relaying packets get service in a lower rate, hence the event of primary queue being empty decreases. Thus, the possibility of having a free time slot or an interference-free time slot for the SU is reduced as well. Accordingly, this system is an inner bound for the original system.
In the second approximated system, we assume that the departure of the energy queue is almost zero, or equivalently, the probability of having an energy packet stored in the secondary energy queue in any time slot is one. This system is an outer bound for the original system as the SU will always be able to access the channel for transmitting its own packets or retransmitting the relayed primary packets each time slot, if there is a chance for the SU to access the channel. Hence, all service rates of the data queues will be increased simultaneously.
1) First Approximated System, Inner Bound:
In this approximated system, denoted by S 1 , we assume that an energy packet is consumed per time slot. That is, μ e = 1 energy packets per time slot. The probability of the energy queue being empty is given by
We can interpret the probability λ e as the fraction of time slots that can be used by the SU for data transmission. The mean service rate of Q p is given by μp = P pdp,0 (λe + fλeω)+λe(δ pdp,00 f + δ pdp,01 f ω)
+P pdp,0 Pps,0(αλe + fλeω)β
The probability of the primary queue being nonempty is given by
The relaying queue mean service and arrival rates are, respectively, given by μr = λeP sdp,0 Γ f πpδ sdp,00 +π p +fδ sdp δ sdp,10ω πp +π p (9) λr = P pdp,0 Pps,0(αλe +fλeω)βπp
The probability of the relaying queue being nonempty is given by 6 Pr{Qr = 0} = πr = λr μr (11)
The mean service rate of Q s is then given by μs = P sds,0 λe f πpδ sds,00 +πp +δ sds f ωπpδ sds,10 +πp Γπr +πr
Since the queues are decoupled in the first approximated system, the maximum secondary throughput is given by solving the following problem:
where μ p , μ r , λ r and μ s are in (7), (9), (10), and (12), respectively.
2) Second Approximated System, Outer Bound: In this case, denoted by S 2 , we consider a backlogged (saturated) energy queue. This means that there exists at least one energy packet each time slot in Q e . This case can happen when λ e = 1 energy packets/slot regardless of the value of μ e . In this case, the probability of the energy queue being nonempty approaches unity. The service and arrival rates are obtained directly from (1), (2), (3), (4) and (5) with Pr{Q e = 0} = 1 (details are omitted due to space limitations). We state an optimization problem similar to (13) with the relevant rates.
The optimization problems are solved numerically at the SU for a given channels and system parameters. Specifically, for a given parameters, the SU solves the optimization problem and use the optimal parameters for system operation.
IV. NUMERICAL RESULTS AND CONCLUSIONS
In this section, we provide some numerical results for the optimization problems presented in this paper. We define here the conventional scheme, denoted by S c , where the SU senses the channel for τ seconds and if the primary data queue and the secondary energy queue are simultaneously empty and nonempty, respectively, the SU accesses the channel with probability 1 using one of its queues probabilistically if the relaying queue is nonempty. In addition, if the PU is transmitting a packet to its destination, the SU accepts with probability one to relay and admit the transmitted packet if the primary destination fails in decoding that packet. The secondary throughput of the conventional system is obviously a subset of the proposed cooperative system, S, and can be obtained from S via setting β = 1, α = 1, f = 1 and ω = 0. The other parameters are optimized over their domains to achieve the maximum secondary throughput. Fig. 1 represents the maximum secondary throughput of the approximated systems of S. The figures are generated using the following parameters: P sdp,0 = 0.8, δ sdp,00 = 0.3, P sds,0 = 0.7, P ps,0 = 0.8, δ sds,00 = 0.3, P pdp,0 = 0, P (s) pdp,00 = P (s) pdp,01 = 0,δ sdp = 0.7,δ sds = 0.7, δ sdp,10 = 0.2, and δ sds,10 = 0.2. The outer bound, which represents the case of backlogged energy queue, is close to the inner bound. The gap between the two bounds shrinks as λ e increases. 6 The expression in (11) is obtained via solving the Markov chain modeling the relaying queue when its arrival and service processes are decouple of the other queue and become computable. 1 reveals two important observations. First, the figure reveals the impact of the arrival rate of the secondary energy queue on the system's inner bound. Precisely, as the energy arrival rate increases, the inner and the outer bounds become close to each other and they overlap for all λ p when λ e = 1 energy packets/slot. Second, the figure reveals that the inner bound of the proposed system can outperform the outer bound of the conventional cooperation protocol with reliable energy source plugged to the SU, system S c is plotted with λ e = 1 energy packets per time slot (outer bound on S c ). We note that without cooperation the primary packets outage probability is 1−P pdp,0 = 1, which implies that the probability of a primary packet being served at an arbitrary time slot is zero. Hence, the primary queue is always backlogged and will never be empty. On the other hand, with cooperation the maximum feasible primary arrival rate is 0.3 packets per time slot.
The impact of MPR capability is shown in Fig. 2 . The figure reveals the gains of the MPR capability on achieving higher throughput for both users. The chosen parameters to generate the figure are: λ e = 0.8, P sdp,0 = 0.8, P sds,0 = 0.7, P ps,0 = 0.8, P pdp,0 = 0.6,δ sdp = 0.5,δ sds = 0.5, and δ pdp,00 = δ sds,00 = δ sdp,00 = δ sds,10 = δ sdp,10 = X , which represents the MPR strength. At strong MPR, we can achieve orthogonal channels for terminals over most λ p range. The plot also shows that the inner and the outer bounds coincide for high λ p . This happens because the energy queue is saturated under the used parameters.
APPENDIX A We derive here a generic expression for the outage probability at the receiver of transmitter j (node k) when there is a concurrent transmission from the transmitter v. Assume that node j starts transmission at iτ and node v starts transmission at nτ . Outage occurs when the spectral efficiency R
exceeds the channel capacity
where Pr{A} denotes the probability of the event A, γ jk,i = P
j is the used transmit power by node j when it starts transmission at t = iτ , γ vk,n = P t = nτ . The outage probability can be written as
Since ζ jk and ζ vk are independent and exponentially distributed (Rayleigh fading channel gains) with means σ jk and σ vk , respectively, we can use the probability density functions of these two random variables to obtain the outage as
We note that from the outage probability (16), the numerator is increasing function of R 
jk,i is thus given by
where
is the probability of correct packet reception when node j transmits alone (without interference) and δ (v) jk,in ≤ 1 is the reduction in the probability of correct packet reception P jk,i due to the presence of interference from node v. As is obvious, the probability of correct packet reception is lowered in the case of interference. Based on (17), we note that
Following are some important notes. First, note that if the PU's queue is nonempty, the PU transmits its packet from the beginning of the time slot (at t = 0) with a fixed transmit power P p and data transmission time T p = T . Accordingly, the superscript 'i' in T (i) j which represents the instant that a transmitting node starts its data transmission in is removed in case of PU. In addition, the superscript '(v)' is removed as we have only one PU and one SU.
Second, for the SU, the formula of probability of complement outage of link s → k when the PU is active is given 
where n = 0 because the PU always transmits at t = 0 and γ sk,i = e/(T (1 − iτ /T )) = γ sk,0 /(1 − iτ /T ). The denominator of (19) is proportional to 2
, which in turn monotonically decreasing with iτ . Using the first derivative with respect to iτ , the numerator of (19),
, can be easily shown to be decreasing with iτ as in [2] , [3] . Since the numerator of (19) is monotonically decreasing with iτ and the denominator is monotonically increasing with i, P
sk,i0 is monotonically decreasing with iτ . Therefore, the delay in the secondary access causes reduction in the probabilities of the secondary packets correct reception and the primary relayed packets correct reception at their destinations. Now, we compute the ratio 
After some mathematical manipulations, the ratio 
Note that throughout the paper, the superscript '(v)' can be eliminated from symbols since we only have two nodes: one PU and one SU. That is, δ
jk,in = δ jk,in ,δ
jk =δ jk and P (v) jk,in = P jk,in .
